Background
The widespread use of austenitic (316 L) stainless steel (SS) as a bioimplant material may be attributed to the combination of its biocompatible nature, easy workability, good mechanical properties, and low cost. The major disadvantage of 316 L SS is crevice or pitting corrosion of the chromium oxide layer on continuous exposure to physiological solution. The metal ions leach out and accumulate in the body, leading to allergic reactions and ultimately resulting in failure of the implant material. 1, 2 As the implant material starts to corrode, metal dissolution causes erosion, eventually leading to brittleness and fracture of the implant. Once the material fractures, corrosion is accelerated due to an increase in the amount of exposed surface area and loss of the protective oxide layer. If the metal fragments are not surgically extracted, further dissolution and fragmentation can occur, which may result in inflammation of the surrounding tissues. [3] [4] [5] [6] [7] A breakthrough in the field of implants was achieved with the development of biocompatible Ti alloys as a tangible alternative to conventional 316 L SS. The major advantages of Ti-based alloys (Ti-13Nb-13zr, Ti-6Al-4V and Ti-6Al-7Nb) includes their excellent biocompatibility, elastic modulii close to that of bone, and absence of elements that often cause short-term and long-term adverse effects. However, the disadvantage of Ti alloys is their higher cost as compared with 316 L SS. 8 An economic alternative to solve the problems in the field of implant materials would be to deposit thin film coatings onto 316 L SS to improve its resistance to corrosion and biocompatibility. Coating metal surfaces with ceramics is a good solution, as both wear and ion release can be reduced while high mechanical resistance and low cost are maintained. TiN films are pioneers for this purpose because they have high hardness with low wear coefficients and good biocompatibility. However, in modern biomedical applications, traditional TiN films cannot meet the stringent requirements as an implant material. Many methods have been proposed to improve the properties of TiN films, including incorporation of other elements, such as V, C, and Si.
Titanium carbonitride (TiCN) thin films are commonly used for cutting tool applications due to their chemical stability at elevated temperatures, high resistance to wear, good mechanical properties, and good resistance to corrosion. 9, 10 Ti-X-N (where X indicates, eg, Cr, Si, C, or B) films can be formed on the surface of metal substrates by both chemical vapor and physical vapor deposition (PVD) techniques. [11] [12] [13] [14] [15] PVD includes a variety of vacuum deposition techniques for depositing thin films of condensed vapors of the desired material over a substrate surface. Generally, PVD methods comprise physical processes such as high temperature vacuum evaporation and plasma sputter deposition, whereas its counterpart, chemical vapor deposition, involves chemical reactions either in the traversing medium or on the substrate surface. PVD techniques have gained popularity due to their ability to form films that have appreciable hardness, improved corrosion resistance, high temperature resistance, good impact strength, excellent abrasion resistance, higher durability, and an ecofriendly nature. [16] [17] [18] [19] While the biocompatibility of Ti-X-N thin films on implantable steels is well documented, information on their ability to support cell proliferation and osseointegration is scarce. Cell-surface interactions play a crucial role in biomaterial application in the field of orthopedics. 20 Although the cytocompatibility of a biomaterial is strongly influenced by its chemical composition, surface topography plays a crucial role in cell-surface interactions. 21 Recent studies on the response of osteoblasts to controlled surface chemistries indicate that hydrophilic surfaces improve cell attachment and matrix synthesis and also osteogenic potency when compared with hydrophobic surfaces. [22] [23] [24] Growing a thin hydroxyapatite (HAp) layer over the coating can be considered as an ideal solution to improve the wettability of Ti-C-N coatings. HAp used as a coating for implants can exhibit varying levels of interaction with the biological environment. The crystallinity of the HAp-based coating has also been shown to control the rate of dissolution and appears to play a role in the initial cellular interaction with implant surfaces. 25 In the present work, TiCN thin films were produced by reactive DC magnetron sputtering on 316 L SS substrates and assessed for bioimplant applications. HAp synthesized by a green method using biogenic ammonia was used to improve the bioactivity of the TiCN-coated steels; the bioactivity was checked in terms of surface properties and hemocompatibility for biomedical use.
Materials and methods

TiCN deposition and characterization
TiCN thin films were deposited on 316 L SS substrates by a reactive DC magnetron sputtering process in Ar + N 2 plasma. The sputtering unit had two plasma magnetron targets between which the substrate heater was continuously oscillating. First, 52 mm diameter and 3 mm thick high-purity Ti (99.95%) and graphite (99.99%) targets were sputtered for 2 hours in high purity Ar (99.999%) and N 2 (99.999%). Prior to deposition, the substrates were cleaned ultrasonically in water and acetone baths in succession and dried with a blower. The base pressure of the chamber before deposition was 8×10 −6 mbar, and a total Ar + N 2 gas (sputtering) pressure of 5×10 −3 mbar was maintained in the sputtering chamber. A 1:1 flow rate of N 2 :Ar was maintained by two mass flow controllers attached to the sputtering system. The coatings were deposited at a substrate temperature of 400°C. For all the experiments, the sputtering powers were 150 W and 20 W for Ti and graphite targets, respectively. X-ray diffraction (XRD) was used to identify the phase and structure of the deposited thin films (D8 Advance, Bruker, Karlsruhe, Germany), using Cu Kα radiation (0.1542 nm). The atomic bonding of the films was analyzed by Raman spectroscopy (InVia laser Raman microscope, Wotton-underEdge, UK). Raman spectra measurements were carried out in the range of 200-2,000 cm −1
. The spectrometer was equipped with a charge-coupled device detector and a He-Ne laser (632.8 nm) operating at 18 mW and a total data point acquisition time of 10 seconds in the spectral region. The chemical composition of the films was analyzed by X-ray photoelectron spectroscopy (XPS). The XPS technique was used because of its effectiveness for characterization of the coatings, adsorbed phase, and nature of the chemical bonds. The microstructural features were studied by scanning electron microscopy (SEM, Tescan, Brno-Kohoutovice, Czech Republic) and the composition of the coating was analyzed using energy dispersive spectroscopy.
Synthesis of biogenic ammonia
Synthetic urine was prepared using the composition given in Table 1 
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Bioactivity of TiCN nanocomposite thin films light yellow to pink indicates generation of ammonia from bacterial catalysis of urea by the urease enzyme. The pH of the broth was monitored at regular intervals with a pH meter (Eutech Instruments, Vernon Hills, IL, USA); subsequently, the concentration of biogenic ammonia was estimated by the indophenol method. 26 The biogenic ammonia was collected from the synthetic urine broth by centrifugation at 12,000 rpm for 30 minutes. In order to remove the bacterial cells along with other biogenic impurities, the supernatant solution was filtered using a filtration unit. The filtrate was used for synthesis of calcium HAp. Figure 1 shows a schematic representation of HAp synthesis using biogenic ammonia.
Synthesis of hap
Calcium nitrate (4 g) was dissolved in 100 mL of distilled water and stirred using a magnetic stirrer. Dihydrogen potassium phosphate solution (1.7 g in 100 mL) was added dropwise to the above solution. The solution was then stirred for 30 minutes and, to optimize the pH, biogenic ammonia was added until the pH was raised up to 9.0. The sol was stirred for 3 hours at room temperature, and the temperature was then increased to 60°C with stirring for 3 hours. TiCN-coated substrates were suspended in the HAp precursor sol. The sol was allowed to stand with continuous stirring overnight. The HAp-deposited samples were taken out after 12 hours of stirring and dried at 80°C, followed by annealing at 300°C to obtain a thin layer of crystalline HAp on the TiCN/SS. The growth of a thin layer of HAp on the coated substrates was confirmed by XRD and XPS.
In vitro electrochemical characterization in simulated body fluid
Electrochemical measurements were performed in simulated body fluid with a Parstat 2273 advanced electrochemical system using a three-electrode cell, including a standard calomel electrode (KCl) as the reference electrode, Pt as the counter electrode, and the HAp/TiCN-coated 316 L SS substrate as the working electrode. The simulated body fluid solution was prepared as per the Kokubos method. The pH of the solution was maintained at 7.4. The corrosion behavior of all samples was monitored at 303 K. The sample was fixed on a holder with a 1 cm 2 window for interaction with the electrolyte. The corrosion behavior of any coating is directly proportional to its charge transfer resistance, R ct . The higher the R ct value, the higher the protection offered by the film coated onto the substrate. The open-circuit potential was measured as a function of time until a stationary state was reached. Potentiodynamic polarization measurements were performed over the potential range of −200 to +200 mV with respect to the open-circuit potential at a scan rate of 1 mV per second. The corrosion current density (I corr ) was obtained using Tafel calculations. The polarization resistance (R p ) is a parameter correlated to the corrosion rate. The higher the polarization resistance, the lower will be the corrosion rate on the coating when exposed to simulated body fluid. The corrosion behavior is essentially related to the coated surface morphology and defects.
R p can be related to I corr by:
where R p is the polarization resistance, β a and β c are the anodic and cathodic Tafel slopes, respectively, and I corr is the corrosion current density. The porosity of the coating was determined from the polarization resistance and corrosion potential, deduced from the potentiodynamic polarization technique, using the relationship shown in equation (2):
where P is the total coating porosity, R ps is the polarization resistance of the substrate, R p is the polarization resistance of the coated steel, ∆E corr is the difference between the corrosion potentials of the TiCN coated steel and the bare steel substrate, and β a is the anodic Tafel slope of the substrate.
Wettability and hemocompatibility
The static contact angles were measured by the sessile drop method using a micrometric syringe. The images were analyzed using the VCA Optima program. The values of the contact angles correspond to the average of at least five experiments. Hemocompatibility studies were carried out on HAp/ TiCN/SS, TiCN/SS, and bare 316 L SS. Blood cell adhesion experiments were done to evaluate the surface thrombogenicity of the materials and to examine the interaction between blood and the materials in vitro, which also gives a measure of the compatibility of the material with the body. The specimen was first washed and incubated in human platelet-rich plasma for 60 minutes at 37°C. After incubation, the specimen was fixed with glutaraldehyde (2%) and critical point dried before gold sputtering for examination by SEM.
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Results and discussion
Material properties
A typical XRD pattern of the sputtered TiCN nanocomposite thin film is shown in Figure 2Ai . The pattern reveals that the coating is mainly composed of TiC 0.2 N 0.8 (International Centre for Diffraction Data (ICDD) card 01-076-2484) with peaks along (111), (200), and (311). This result is consistent with the crystallization reports for TiCN synthesized by chemical routes and also by plasma spray techniques. 28, 29 The maximum intensity peak was observed along (200) with a texture coefficient (T c ) value of 2.526. Using the Scherrer equation, the average grain size of the TiCN coating was estimated to be 20 nm. 30 A peak for the 316 L SS substrate (austenite Fe-γ) was also observed. 31 As reported by Schneider et al the (111) orientation of TiCN is normally favored during thin film growth. 32, 33 The orientation is indicative of the growth of a columnar layer. 34 Consequently, the film would be more prone to corrosion in an aqueous electrolyte, because its columnar structure facilitates the penetration of ions through the coating whereas such accelerated corrosion can be avoided with an orientation along (200). Figure 2B .
The Raman spectrum for the TiCN thin films revealed the C-N phase and Ti-N phase. Figure 3A shows the Raman spectrum for TiN. The peaks at 540 cm −1 and 310 cm −1 can be attributed to Ti-N. The low frequency peaks below 400 cm are caused by acoustic phonons (LA) and the high frequency mode around 540 cm −1 is due to optical (TO) phonons. 35 The strong peaks at 310 cm −1 (LA) and at 540 cm −1 (TO) correspond to first-order Raman scattering. The intensities of the acoustic modes are comparable with the optical part of the spectra. This may be explained as follows: a substitutional impurity in a crystal with a sodium chloride structure still has local O h symmetry, and the selection rules of this impurity induced scattering, showing that the phonons are contributing where the defect is at rest, in such a way that the intensities of the optical and acoustic modes are comparable. 36 It can be simply inferred that the scattering intensities in the acoustic branch are largely determined by vibrations of the heavy Ti, while the scattering in the optical branch is mainly due to the lighter 
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Bioactivity of TiCN nanocomposite thin films N ion. 37 Figure 3B shows the Raman spectrum of C-N. Usually, the Raman spectra of graphitic films are characterized by a graphitic (G) band around 1,540 cm −1 and a disordered (D) band around 1,370 cm −1 in the spectral region within 1,000-1,800 cm ) peaks, which confirm the presence of C phase. Figure 3C shows the Raman spectrum of TiCN thin film composed of crystalline grains and C-N phase. 36 The presence of the D and G bands at 1,364 and 1,583 cm , respectively, correspond to the presence of aromatic six-membered sp 2 clusters and the sp 2 C-C bonds. 31 The peak between 540 and 600 cm −1 may be attributed to Ti-N. A slight shift in the peak as compared with the original Ti-N spectra can be observed. This shift may be due to the inclusion of graphitic carbon. 38,39 The C 1s peak includes three components. The peak with most intensity at 284.6 eV can be assigned to "surface" carbon. 40 The peak at 286.2 eV is assigned emission from sp 2 and sp 3 carbon. 41 A lower intensity peak at 288.4 eV is also observed in the C 1s spectrum, which can be assigned to metal carbonates (Ti-O-C=O) formed on the surface of the thin film. The N 1s spectrum shows a peak at 396.5 eV corresponding to Ti-N. 41 Metal oxide and metal carbonate peaks were also observed Figure 5 shows the XPS spectra of HAp/TiCN/SS. Peaks corresponding to P 2p, Ca 2p, and O 1s were observed in addition to those for Ti 2p, N 1s, and C 1s in the survey spectrum. The peaks for Ti 2p, N 1s, and C 1s were in agreement with those for TiCN/SS as mentioned above. 10 The stoichiometric ratio of Ca/P was obtained from the spectrum and found to be 1.65, which is close to the standard value (1.67). In the O 1s spectrum, two obvious peaks were observed. The peak due to metal oxides was positioned at 529.9 eV whereas the second peak at 537.9 eV was due to oxygen associated with the phosphate group in HAp. The binding energies of HAp/ TiCN/SS are given in Table 2 .
A morphological and chemical composition analysis was carried out by SEM-energy dispersive spectroscopy after sputter-covering the TiCN-coated substrates by a thin Au layer in order to avoid charging effects. The energy dispersive spectrum (shown in Figure 6A and B) of the film revealed the presence of Ti, C, and N. The SEM images of the coatings deposited onto the 316 L SS substrates revealed dense, homogeneous, and granular morphologies.
In vitro corrosion studies
The corrosion behavior of the TiCN-coated samples was examined using DC potentiodynamic polarization and AC electrochemical impedance measurements. Figure 7A and B shows the Nyquist plots and Tafel polarization curves for the tested samples (TiCN/SS and bare 316 L SS) in simulated body fluid solution, with the composition given in Table 3 . The impedance measurements were made at open circuit potential (OCP) by applying an AC signal of 10 mV in the frequency range of 100-10 mHz. At higher frequencies, the interception of the real axis in the Nyquist plot is ascribed to the solution resistance (R s ), and at lower frequencies it gives the R ct . 
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Bioactivity of TiCN nanocomposite thin films A higher R ct value indicates better corrosion resistance, and was observed in the case of TiCN/SS as compared with the bare 316 L SS. 27 The improvement in corrosion resistance of the coated sample may be accounted for by the preferred orientation of TiCN thin film along (200), as observed from the XRD pattern. Unlike a columnar morphology, this preferred orientation has rendered a granular morphology for the TiCN thin film (as observed in the SEM image) which minimizes the direct diffusion path of the electrolyte.
The corrosion current densities were obtained from the polarization curves by extrapolation of the cathodic branch of the polarization curves to the corrosion potential. Table 4 show the calculated values for the corrosion parameters from the Tafel and Nyquist plots. From the Tafel plot, a positive shift in the E corr value can be observed, implying that the TiCN coating improves the corrosion resistance of the SS substrate. The polarization resistance and R ct values of the coated sample were found to be higher in comparison with the blank SS substrate. A protective efficiency of 99.25% for the TiCN-coated sample was observed.
The electrochemical impedance spectroscopy for HAp/ TiCN/SS was also studied to analyze the corrosion behavior of the TiCN/SS substrate after growth of HAp onto it. It was observed that the R ct value of HAp grown TiCN/SS is lesser than that of TiCN/SS. A double semicircle, which is characteristic of a failed coating, was observed in the Nyquist plot ( Figure 7A ). This behavior may be due to the nonuniform growth of the HAp layer onto TiCN/SS. This might suggest that there is an additional electrochemical process other than the interfacial charge transfer reaction due to the presence of a porous thin layer adjacent to the TiCN/SS surface. These additional loops suggest that a second time constant is present. 43 Wettability and hemocompatibility 
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Bioactivity of TiCN nanocomposite thin films samples coated with TiCN, Ti-N, and C-N were analyzed to study the surface wettability. Figure 8 shows a comparison between the contact angles of TiCN with Ti-N, C-N, and the bare substrate, and it can be seen that the initial contact angle between the water droplet and the SS bare substrate surface is 68 degrees, whereas after coating with TiCN it increases to 122 degrees. The morphology of the adherent blood cells were observed by SEM (Figure 9) . A considerable reduction in thrombus (blood cell aggregation) formation along with formation of a fibrin fiber network was observed in the order TiCN/SS . bare 316 SS . HAp/TiCN/SS. More fibrin fibers were formed on the TiCN-coated substrates than on the bare metal surface because of the hydrophobic nature of the coating. Adsorption of fibrinogen is heavily favored on hydrophobic surfaces and consequently results in platelet adhesion. Deposited platelets catalyze the activation of coagulation factors and prothrombin, leading to formation of thrombin. Thrombin activates more platelets, creating a positive feedback loop. Thrombin cleaves fibrinogen into fibrin monomers which then polymerize to form a fibrous mesh. This fibrous mesh stabilizes the platelet plug and forms the blood clot. The SEM images of blood cell adhesion on TiCN/SS clearly show the fibrin mesh ( Figure 9 ). On the other hand, there was little thrombus formation on HAp/TiCN/SS, which may be attributed to immobilization of albumin by HAp. It is well known that the association of albumin protein with various materials has an antithrombogenic effect due to the negative charge of the protein.
44,45
Conclusion
TiCN thin films were prepared by reactive DC magnetron sputtering on medical grade steels. The microstructure of the thin film was analyzed by XRD and Raman spectroscopy, which confirmed the presence of TiCN. The observed preferred orientation along (200) renders a granular morphology which minimizes the diffusion path of the electrolyte through the coating reaching the substrate, unlike the columnar structure. This was clearly observed from the Nyquist plot, where a higher R ct value was observed for TiCN-coated 316 L SS as compared with the bare substrate. A decrease in R ct value after coating with biogenic HAp was observed, which was due to the nonuniformity of crystal growth by the dip-coating method and the porous nature of the biomineral. The increased fibrin mesh formation in the TiCN thin film upon contact with blood cells was due to the hydrophobic 
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Bioactivity of TiCN nanocomposite thin films nature of the coated surface, which favors the formation of thrombus, whereas the probability of clot formation was found to decrease to a greater extent when HAp was grown over TiCN. An early stage of blood cell activation was observed with pseudopod formation on HAp/TiCN, while the further steps in blood clot formation were controlled, which may be due to the enhanced hemocompatibility of HAp. This study suggests that TiCN/HAp can provide better surface properties when used as a biocompatible coating on implant material.
